Abstract-On 1 November 1755, a major earthquake of estimated M w =8.5/9.0 destroyed Lisbon (Portugal) and was felt in the whole of western Europe. It generated a huge transoceanic tsunami that ravaged the coasts of Morocco, Portugal and Spain. Local extreme run-up heights were reported in some places such as Cape St Vincent (Portugal). Great waves were reported in the Madeira Islands, the Azores and as far as the Antilles (Caribbean Islands). An accurate search for historical data allowed us to find new (unpublished) information concerning the tsunami arrival and its consequences in several islands of the Lesser Antilles Arc. In some places, especially Martinique and the Guadeloupe islands, 3 m wave heights, inundation of low lands, and destruction of buildings and boats were reported (in some specific locations probably more enclined to wave amplification). In this study, we present the results of tsunami modeling for the 1755 event on the French island of Martinique, located in the Lesser Antilles Arc. High resolution bathymetric grids were prepared, including topographic data for the first tens of meters from the coastline, in order to model inundations on several sites of Martinique Island. In order to reproduce as well as possible the wave coastal propagation and amplification, the final grid was prepared taking into account the main coastal features and harbour structures. Model results are checked against historical data in terms of wave arrival, polarity, amplitude and period and they correlate well for Martinique. This study is a contribution to the evaluation of the tele-tsunami impact in the Caribbean Islands due to a source located offshore of Iberia and shows that an 8.5 magnitude earthquake located in the northeastern Atlantic is able to generate a tsunami that could impact the Caribbean Islands. This fact must be taken into account in hazard and risk studies for this area.
Introduction
Martinique Island is part of a subduction volcanic arc of 850 km length, resulting from the convergence of the Atlantic Plate under the Caribbean Plate at an average rate of 2 cm/year (STEIN et al., 1982) (Fig. 1 ). This subduction is the cause of shallow earthquakes, some of them with magnitude greater than 7, as was the case of the 5 April 1690, 8 February 1843 (FEUILLET et al., 2002 ) the 18 November 1867 Virgin Island M w = 7.5 earthquake (ZAHIBO et al., 2003a, b) and the 21 November 2004 M w = 6.3 earthquake of Les Saintes (ZAHIBO et al., 2005) . Important seismic activity is also associated with magmatic activity. The volcanic activity itself can generate pyroclastic flows or lahars that are able to reach the sea and create tsunamis (DE LANGE et al., 2001; WAYTHOMAS and WATTS, 2003) .
Tsunamis observed in the area result from strong magnitude earthquakes (M C 7), namely the 1867 Virgin Islands M w = 7.5 earthquake (O'LOUGHLIN and LANDER, 2003; ZAHIBO et al., 2003a, b) , or from submarine mass failures (for example, see LOPEZ-VENEGAS et al., 2008) as the 14 January 1907 Jamaica landslide (O'LOUGHLIN and LANDER, 2003) , or the potential landslide on the flank of the Kick'em Jenny underwater volcano (SMITH and SHEPHERD, 1996) . Such a landslide could be very large in the Lesser Antilles (DEPLUS et al., 2001; LE FRIANT et al., 2009) .
According to PELINOVSKY et al. (2004) , volcanic eruptions in the area may also cause tsunamis, as was the case of the July 2003 eruption in Montserrat. For Martinique Island, tsunami waves were observed at least in April 1767 following an earthquake SE of Barbados, and in 1902 due to the volcanic eruption and explosion of Mount Pelée (O'LOUGHLIN and LANDER, 2003) . LANDER et al. (2002) collected data from around 30 tsunamis for the Caribbean region including local sources (source distance \200 km), regional events (\1,000 km) and transoceanic events ([1,000 km). Among them, reliable sources report observations for the 1755 Lisbon tsunami.
The tsunami observed in the Antilles at that time has been associated with the great Lisbon earthquake of November 1, 1755. This event was observed all along the eastern Atlantic shores from Morocco to the United Kingdom, and caused many casualties and damage (BAPTISTA et al., 1998b (BAPTISTA et al., , 2009a . In addition, numerous coeval reports indicate important abnormal waves in the Antilles.
Recent results of tsunami modeling show that an earthquake with magnitude up to 8.0/8.5 with an epicenter located offshore the Iberian Peninsula is indeed able to produce significant wave heights in the western Atlantic (BARKAN et al., 2009) , and more particularly in the coastal areas of Guadeloupe Island (ROGER et al., 2010) , 7 h 30 min of tsunami propagation after the main shock (see tsunami travel times on Fig. 1 ).
Figure 1
Geographic map locating Martinique Island (a) within the Lesser Antilles Arc (b) and in the North Atlantic Ocean (c). The tsunami travel times (TTT), based on a point source (white star) close to the source of Baptista et al. (2003) , are represented by continuous black curves
In order to shed some light on the event observed in the French Antilles on 1 November 1755, we made a detailed search for historical documents on these islands and we present here a compilation of those observations with focus on Martinique Island.
The main objective of this study is to test the impact of a tsunami generated by a seismic source proposed for the 1755 event using numerical modeling and high resolution bathymetric data near the coast. We investigate the tsunami far field propagation and the coastal wave amplification close to Martinique Island. The results of numerical modeling correlate well with the available historical data in some selected sites in Martinique Island.
The 1755 Event
On 1 November 1755, a great earthquake of estimated magnitude M = 8.5 ± 0.3 (SOLARES and ARROYO, 2004) destroyed the town of Lisbon and was felt in the whole of western Europe, as far east as Hamburg (Germany). Compilations of historical data concerning the earthquake are presented by SOUSA (1919) , MACHADO (1966) , SOLARES and ARROYO (2004) , while compilations on tsunami data are presented in ROMERO (1992) , BAPTISTA et al., (1998a BAPTISTA et al., ( , 2003 , KAABOUBEN et al. (2009) and BARKAN et al. (2009) .
Several authors investigated the source of the Lisbon earthquake, using either macroseismic data (MACHADO, 1966; MARTÍNEZ SOLARES et al., 1979; LEVRET, 1991; SOLARES et al., 2004) , average tsunami amplitudes (ABE, 1979) , or scale comparisons with the 28 February 1969 event (JOHNSTON, 1996) . A different approach was considered by BAPTISTA (1998) and BAPTISTA et al. (1998a, b) throughout the systematic study of the historical records of the 1755 tsunami wave heights observed along the Iberian and Morocco coasts. These authors proposed a source location, based on tsunami hydrodynamics modeling, located close to the southwest Portuguese continental margin. ZITELLINI et al. (1999) identified a very large active, compressive, tectonic structure located 100 km offshore SW Cape St Vincent (Marques de Pombal thrust fault) which was proposed as a good candidate for the generation of the 1755 event, although its dimensions cannot justify the seismic moment of the 1755 earthquake. Later, BAPTISTA et al. (2003) used this structure to build a composite source and checked its reliability against the NE Atlantic tsunami data.
An alternative solution was proposed by GUTSCHER et al. (2002) as an active accretionary wedge overlying an eastward dipping basement and connected to a steep, east dipping slab of cold, oceanic lithosphere beneath Gibraltar. Tsunami simulation results, using this source geometry, are presented in GUTSCHER et al. (2006) . VILANOVA et al. (2003) considered an event triggered in the Lower Tagus Valley as the source of most of the damage observed close to Lisbon, and even of some ''tsunami like'' phenomena described in Oeiras and along the estuary of the Tagus River (BAPTISTA and MIRANDA, 2009b) . Recently, a new source based on historical data in the NW Atlantic and far-field tsunami modeling was proposed with an orientation perpendicular to previously suggested trending features (BARKAN et al., 2009 ).
Historical Data

Data Sources and Descriptions
The results of the research of historical data concerning the observation of the 1755 tsunami in the Caribbean are summarized in Table 1 , showing that the tsunami was observed on several islands, including the French Antilles.
Most of these reports have been quoted in later documents such as the Proce`s-Verbal des Se´ances de l'Acade´mie des Sciences of 1756 (ANONYMOUS, 1755; LETTÉE, 1755) , or the supplement to the Gentleman's Magazine (URBAN, 1755). Most of the reports provide information on the location of historical observations (Table 1) . Indeed, at this time, Martinique Island was among the most important trade center, especially Fort-de-France's Bay, attended by experienced sailors.
The accurate reading of these documents allows us to conclude that there are only three distinct sources of information: the first one is the letter read by Duhamel concerning an anonymous witness (ANONYMOUS, 1755); the second one is the letter of LETTÉE (1755); and the third one is the document Vol. 168, (2011) The Transoceanic 1755 Lisbon Tsunami in Martinique Report of a boat moored in 4.5 m of water that falls on the side: the withdrawal depth could be more or less important certainly used by DANEY (1846), BRUNET (1850) and BALLET (1896). However, this third document is by far the richest one with respect to the tsunami. It is a very precise description of the hydrological phenomenon, focusing especially on La Trinité Bay, describing the various oscillations of the sea level: the succession of flows and withdrawals, amplitudes, periods, etc. In most records, the arrival of several waves is mentioned (actually flow and withdrawal), the first one not always being the strongest. The same document also informs us about the observation or the nonobservation of these same wave-trains around the island: limited at Le Galion Bay, nothing at either Le Robert or in St Marie, an ''unusual deposit'' by the sea in the Epinette River, and specific responses of the Lamentin and the Fort-Royal Rivers (west coast) are also mentioned. These locations are indicated on a British marine map of this period (Fig. 2) .
The letter read by Duhamel (ANONYMOUS, 1755) indicates that the sea reached about 9 m (30 ft, in the original) above its usual level four times. The phenomenon was observed from La Trinité Bay to the François Cul-de-sac. LETTÉE (1755) indicates that the phenomenon started at 4 p.m. at La Trinité Bay, beginning with a 6-meter drop of the sea level (20 ft, in the original), flooding the shore 60 m inland (200 ft, in the original), damaging houses up to 1 m from the ground. It took 30 min for the sea level to return to normal.
Concerning the other islands of the Antilles (Barbados, Guadeloupe, Saba and St Martin, located on Fig. 1 ), we can find some information about the inundation of docks in harbors, streets, houses and other.
We tried to read/interpret all this information in terms of tsunami parameters. All details concerning the number of waves, the period, and the height are summarized in Table 1 .
Studied Sites in Martinique
The studied sites are presented in Fig. 2 . These are La Trinité Bay, located on the east coast of the 
Tsunami Modeling
The Model Earthquake
The model earthquake used in this study for the 1755 earthquake is the double segment source proposed by BAPTISTA et al. (2003) , that includes the Marques de Pombal thrust fault (MPTF) identified by ZITELLINI et al. (1999) , and a second thrust fault oriented along the Guadalquivir Bank (GB).
They are included in Fig. 1 (as a point source) and their parameters, presented in Table 2 , account for a M w 8.5 earthquake with a seismic moment of M o = 6.63 9 10 21 N m.
The selection of this model earthquake was based upon two facts: (1) 
Numerical Method
The numerical model used in this study is based on the non linear shallow water wave theory. It allows us to compute tsunami generation and propagation associated with an earthquake and has been used for years in order to study tsunami hazards for various exposed regions, from French Polynesia (SLADEN et al., 2007) to the Mediterranean Sea (ALASSET et al., 2006; ROGER and HÉBERT, 2008; YELLES-CHAOUCHE et al., 2009; SAHAL et al., 2009) .
Our method assumes instantaneous displacement of the sea surface, identical to the vertical sea-bottom deformation, transmitted without losses to the entire water column; the vertical sea-bottom deformation is computed using the elastic dislocation model of OKADA (1985) . Given the initial free surface elevation, the model solves the hydrodynamical equations of continuity (1) and momentum (2). Non linear terms are taken into account, and the resolution is carried out using a finite difference method centred in time and using an upwind scheme in space.
The inundation is calculated based on the methodology presented by KOWALIK and MURTY (1993) , relying on an extrapolation of the fluxes calculated in wet cells and in dry meshes:
g corresponds to the water elevation, h to the water depth, v to the horizontal velocity vector, g to the gravity acceleration.
Bathymetric Grids
The wave propagation is calculated from the epicenter area offshore of the Iberian Peninsula (southern Portugal and Spain to the east) across the Atlantic Ocean on six levels of imbricated grids of increasing resolution, approaching the Lesser Antilles including Martinique Island with special focus on La Trinité Bay and Fort-de-France Bay. The largest grid (grid 0, level 1), corresponding to the geographical coordinates of Fig. 1a , is built from GEBCO World Bathymetric Grid 1 0 (IOC, IHO and BODC, 2003) and is just a resampling of this grid at a space step of 5 0 (*9,250 m). The grid resolution increases close to the studied site in order to account for a correct description of shorter wavelengths. Indeed, the wave celerity is expressed by c ¼ ffiffiffiffiffi gh p (in shallow water non dispersive assumption), and thus decreases when h decreases near the coast, implying wave shortening. The time step used to solve the equations decreases when the grid step decreases, and respects for each grid level the Courant-Friedrichs-Lewy (CFL) criterion to ensure the numerical stability. The resolution for the levels 2 (grid 1), 3 (grid 2), 4 (grid 3), 5 (grid 4) and 6 (grid 5 and 6) are, respectively, 1 0 ( In order to compute tsunami propagation on land, topographic data were manually digitized from topographic maps published by IGN (2006a, b, c) . Figure 3 displays the maximum water heights computed across the Atlantic Ocean after 9 h 30 min of propagation. It shows three main energy paths: the strongest towards South America (Brazil), a second towards Newfoundland and the weakest towards the USA (Florida). This radiation pattern is due to the geometrical shape of the source and its azimuth, and to the most relevant submarine features (submarine basins, ridges and transform faults, for example) along the oceanic path that will act as waveguides during tsunami propagation as noted by SATAKE (1988), HÉBERT et al. (2001) and TITOV et al. (2005) . It is worth noting that the Caribbean area is not among the most impacted areas for this computed tele-tsunami on this large-scale grid.
Modeling Results and Comparison with Historical Data
In Fig. 4 , we present the maximum wave heights along Martinique Island (grid 2, resolution 500 m and grid 3, resolution 150 m) obtained after 9 h 30 min of tsunami propagation. It clearly shows that only a few sites are prone to wave amplification around the island. This corresponds to sites either directly exposed to long wave arrival coming from the Iberian Peninsula or also located on the other side of the island, in the Caribbean Sea. The wave heights observed along the coast of Martinique vary between 1 and 2 m. The coastal segment from the bay of La Trinité and the north coast of the neighboring Presqu'ıˆle de la Caravelle to the north of the island near Le Lorrain exhibits maximum values of more than 2 m. Along the southeast coast, the bays of Le Galion, Le Robert and Le François, the wave heights are generally less significant. Then the southeastern coast of the island, offshore of Le Vauclun, shows again significant wave heights of more than 1.5 m.
The potential protective role of the fragmented coral reef barrier from Le Vauclun to Le Galion (shown in Fig. 4 ) against long wave arrivals has to be stressed. The display of the maximum tsunami height with a shaded bathymetric gradient shows a relative protection of the coastal sites by the coral reef, on the southeastern part of the island. This residual coral reef (appearing as a line on the right) leads to an attenuation of the tsunami effect for the thusprotected bays of Le Galion, Le Robert and Le François. The northeastern (La Trinité, Ste Marie, Le Lorrain) and southern part of the island, which are probably not protected enough by the coral reef which is too deep (5-10 m under sea level), shows again some significant wave heights, at the northern part of the island, from La Trinité to Le Lorrain and farther north.
The surfing spots indicated in Fig. 4 highlight the coastal areas not protected by a sufficient coral reef barrier against classic wind long waves. Figure 5 (grid 5 and 6) present a focus on the specific site of La Trinité Bay and Fort-de-France Bay and neighboring areas after 9 h 30 min of tsunami propagation. It shows the maximum water height reached by the sea level and the flow depth (maximum wave height minus topography) on land.
The high resolution (20 and 40 m) grids of La Trinité and Fort-de-France Bays (Fig. 5 ) are able to reproduce the segments of this coral reef barrier, the harbour morphology and coastal shapes as well as the shallow bathymetric features that could affect significantly tsunami propagation near the coast and might contribute to wave trapping and amplifications, potentially associated with resonance phenomena (ROGER et al., 2010) .
We can clearly see that several places are inundated in both grids, sometimes until several hundreds of meters from the shore: until 100 m in La Trinité and 250 m in La Moïse, on the east side of La Trinité Bay; and until more than 1 km in Fort-de France Bay (near the airport). This inundation is especially significant all around La Trinité Bay where we can find flow depth values of more than 2 m in the town but also in other urban areas such as La Clique and Anse Cosmy (north of La Trinité) and La Moïse, on the eastern side of the bay (Fig. 5 ). The 9 m (30 ft) wave height value indicated in ANONYMOUS (1755) ( Table 1) is probably a mistake; it is likely between 3 and 30 ft if we refer to the other descriptions at La Trinité (LETTÉE, 1755; DANEY, 1846; BRUNET, 1850; BALLET, 1896) . The presented results show a maximum inundation distance (MID) of about 100 m in the southern part of the bay (the town of La Trinité), and 250 m in the northeastern area (Anse Cosmy); thus, longer than the historical observations. However, this computed inundation limit may be overestimated due to the fact that friction is not considered and this may be important in urban areas.
Concerning Fort-de-France Bay (grid 6), the wave heights are smaller than in La Trinité (by about a factor of 3), but they can reach 1.5 m offshore of Fort St-Louis and in the inlet of Château Lézards, deep inside of the bay, south of the airport of Le Lamentin. In addition, several places exhibit inundation, in the Fort-de-France town center, which is very low and in the area of the container dock, but also the areas close to the canal of Le Lamentin and the Lézarde River, close to the airport, which are partially inundated. All these inundations in Fort-de-France Bay happen in low lands and mostly in swamps with maximum wave heights of no more than 50 cm. This is in good agreement with the historical data indicating that the Lamentin River, located north of the Airport, was subject to an abnormal phenomenon on 1 November 1755 with the sea rising up in the rivers 3 feet (*90 cm) more than normal (BALLET, 1896). Synthetic tide gauges have been positioned (Fig. 5 ) in order to obtain information concerning principally tsunami arrival, wave polarities, amplitude and periods at specific locations in both bays. Figure 6 represents the synthetic signal recorded by two synthetic tide gauges located on both sides of the island, one in La Trinité Bay and one in Fort-deFrance Bay. It shows that the effects of the tsunami would be less dramatic in Fort-de-France Bay than they would be in La Trinité Bay at approximately the same water depth (*10 m). Then it indicates that the first tsunami wave arrives in La Trinité Bay within a travel time of about 7 h 30 min. This is in agreement with the time announced in the available historical documents.
Concerning La Trinité, the computed polarity and the relative amplitudes are in agreement with the reported historical facts: there is a small sea elevation of 70 cm (reported to be 60 cm above the maximum tide level) followed by an significant withdrawal in about 10 min (reported to occur in 4 min) and then a significant inundation of the docks and the streets. The time between the first two waves has been estimated to be 15 min. The computed time between these two waves is around 20 min. According to BALLET (1896)'s accurate description of the phenomenon in La Trinité, we are globally in good agreement concerning periods and relative amplitude between each wave, except for the position of the most significant and destructive wave: it is reported to be the fourth one (BALLET, 1896) but the results of computation show that it is the fifth (Fig. 6) .
Discussion
The effects of the tide and friction have not been considered in this study.
The historical tide prediction (done using the actual mean sea level with data from 1980-1985 for Le Robert and data from 2005-2008 for Fort-deFrance) on 1 November 1755 for Le Robert indicate that, despite the fact that the amplitude of tide was only of about 40 cm crest to trough, the sea was up or at the beginning of withdrawal at 2 p.m., the hour of arrival of the tsunami according to the historical documents. For data concerning Fort-de-France, the amplitude of tide has been estimated to be less than 20 cm crest to trough. In both cases, this tide amplitude certainly could have had an additional effect on the tsunami coastal amplification and inundation, even a negligible effect regarding the tsunami height of more than 3 m in La Trinité Bay.
The simulations have been done without taking into account the friction effects. Even though DOTS- ENKO (1998) shows that the dissipation due to friction effects is negligible offshore (open-sea and shelf areas), DAO and TKALICH (2007) show that the roughness parameter is important in wave-shore interaction including shallow water and inundation friction. This is something important to be noted because it means that, in our case, the friction term is equal to 0 and, thus, the run-up limits presented in the following are certainly overestimated regarding the computed scenarios. In fact, if the friction is important due to the presence of lots of buildings or dense vegetation, for example, so the propagation on land will be slowed down more quickly than without buildings (YANAGASIWA et al., 2009 ). According to HÉBERT et al. (2009) the non consideration of friction could correspond to an overestimation of wave heights of about 30%. 
Role of Coastal Features
It is important to try to reproduce as well as possible the coastal and bathymetric features in low water depth, i.e. in the area of wave shoaling and refraction processes around seafloor topographic highs, because the particular characteristics of the coastline (coastal geo-morphology, e.g. the geometry of bays, harbours, slope of beaches), or the presence of submarine canyons or coral reef barriers, will have direct consequences on the wave behavior and amplification factor and on the inundation or run-up PEDUZZI, 2005, 2007; COCHARD et al., 2008; DUONG et al., 2008) .
In the same way, as underlined by ROGER and HÉBERT (2008) for the Balearic Islands in the Mediterranean Sea, the knowledge of the location of submarine canyons is important to assess the tsunami hazard along the coasts because of the focusing role they can play on long wavelengths. Thus, the impact on long waves of the submarine canyons located a few kilometers from the shore in the southeastern part of the island (Fig. 3) should be determined in the future, especially if the coral reef, actually acting as a shield, is going to disappear.
Thus, La Trinité is a U-shaped bay (or funnelshaped bay), with a maximum length of about 1.2 km and a maximum width of about 1.0 km, oriented N-S and opened northward with a mean depth of 4 m and a very low bathymetric slope (0.33°). This shape is particularly interesting to consider in the case of tsunami wave amplification studies and hazard assessment. In fact, this apparently protected bay with a narrow inlet can amplify the tsunami, and thus its destructive power, presenting a funnel-shape for the arrival waves to travel through (MONSERRAT et al., 2006) . This could explain the observed and modeled wave amplification at this specific location. In addition, it is important to mention that the coral reef barrier in front of this bay could be qualified as residual, i.e. not able to protect the bay against long wave arrival because it is too deep and cut. This situation is emphasized by the high touristic frequentation all year long, especially for this location.
Fort-de-France is located eastward of swamplands, lowlands bordering the Lamentin River, and is constantly inundated with a mean altitude of less than 1 m above sea level. In spite of the fact that the historical reports do not mention any catastrophic wave arrival in Fort-de-France Bay in these places in 1755, the present vulnerability of the area should be taken into account because of its economical central role, located in lowland areas. This omega-shaped (X) bay (9 km length and 3 km width in the narrowest place) is oriented E-W and opened westward. Its maximum water depth is about 30 m in the boats channel to the harbor but elsewhere it is only about 10 m deep at most. The general bathymetric slope of the bay from the east (Lamentin Airport) to the west (entrance of the bay) is less than 0.1°.
Several authors have referred to the effects of the presence of coral reef barriers close to the coast, such as the increase in the propagation time, and the reduction of the amplitude (BABA et al., 2009) . But on the other side, COCHARD et al. (2008) indicate that when fragmented, waves are able to accelerate through so-created channels.
For Martinique Island, Fig. 4 shows that the coral reef barrier could be qualified as residual; only a line of 25 km length between the presqu'ıˆle de la Caravelle and Le Vauclin is visible. The progressive disappearance of the coral reef in Martinique is due to geological reasons such as fast subsidence or volcanic eruptions (BATTISTINI, 1978) , and to human stresses such as the pollution or the overfishing in these rich areas (BOUCHON et al., 2008; LEGRAND et al., 2008) .
This happens in particular offshore of the northeast coast where the reef does not protect from the assault of normal waves because it is generally underwater at 5-10 m depth (BATTISTINI, 1978) as shown in Fig. 4 with the location of surfing spots. In fact, only the southeastern part of the reef remains, partially protecting the coast from classical waves, with a width sprawl of about 1-2 km; three of the sites discussed in this paper are affected: the bays of Le Galion, Le Robert and Le François. In 1755, according to the historical documents, we know that nothing was observed in Le Robert and just a little in Le Galion (BALLET, 1896) . Despite the fact that we have not tested the real effect of this coral barrier, the general results obtained with maximum wave heights in the case of the 1755 event are in favor of this.
Le François is only mentioned in one document (ANONYMOUS, 1755), but in view of this supposed important protection by the different coral reef parts at this time, we could easily suppose that it was too protected to receive anything or that there was simply nobody able to report something there, or was at mean significant damage/impact in 1755. Thus, numerical modeling results of maximum wave heights of about 0.5-1.0 m inside this bay (Fig. 4) could mean that the used bathymetry on the coral reef has changed in 250 years in agreement with the previous remark concerning the coral disappearance.
On the contrary, Sainte-Marie, located north of La Trinité, shows a good exposure to long wave arrival and thus the tsunami modeling (Fig. 3) indicates significant wave heights (more than 1.5 m) in this location in spite of the fact that historical reports clearly mention that nothing was observed here on 1 November 1755 (BALLET, 1896).
The lack of historical information concerning wave arrival near the urban coastal areas of Sainte-Marie, Le Marigot or Le Lorrain in the north and Le Vauclain in the south, where numerical modeling indicates wave heights of more than 2 m (Fig. 4) , could be explained by the lack of population here in 1755, according to the available historical maps of 1753 (LE ROUGE, 1753) and 1759 (BELL, 1759), or simply the lack of educated people able to write a report of the phenomenon. A search for tsunami deposits in some typical lagoon areas on La Martinique Coast as behind the Anse Massé with the Lorrain River or the Capot River at the Pointe des Raisiniers (Fig. 4) could provide additional information about this tsunami of 1755.
Discussion on Vulnerability and Hazard Map Purposes
The results shown in Fig. 5 could be considered as a contribution to the tsunami (hazard) vulnerability map of La Martinique Island. The use of satellite views reveals the location of populated areas and economic interests in general, correlated with a water elevation map (sea and land) on these high resolution grids (Fig. 5) .
The maximum wave heights are well correlated with the surfing spots as in the case of Guadeloupe Island (ROGER et al., 2010) , i.e. the places of high touristic frequentation (Fig. 4) .
At the time of the 1755 tsunami, the population of the French Antilles is not known exactly, but in Martinique, it corresponds to about 100,000 inhabitants, including 84,000 slaves. The shore inhabitants were mainly fishermen and sailors. Although it was populated, the vast majority of the population lived quite far from the shore working in sugar cane activity. Historical synthesis reports that most of them were illiterates (about 95% of the whole population of the French Antilles).
Nowadays, the situation is quite different; the French Antilles count 810,000 inhabitants, including about 400,000 inhabitants for Martinique, with an important influx of tourists estimated to reach about 1 million people per year, resulting in highly frequented beaches, especially during high season. Also, the main economic activities are located along the shore with an estimated income of about 278 million euros in 2007 (Comité Martiniquais du Tourisme, 2008) : the development of the tourism industry and the lack of a coastal management policy has furthermore increased this exposure, leading to a concentration of 90% of the population along the shores, in places less than 20 m high (SCHLEUPNER, 2007) , which is to say 343,000 inhabitants in 1999 (INSEE, 1999 ). This population is highly exposed to coastal inundation hazards.
In addition, our study also clearly shows that some vital exchange areas (economic, touristic, and above all, for emergency aid) such as Lamentin International Airport or the container's dock (Fort-deFrance harbor) are prone to tsunami inundation due to the wave arrival from the eastern Atlantic Margin, despite its orientation towards the west (especially the low lands of no more than one meter altitude (and particularly the airport runway).
Final Conclusion and Perspectives
This study shows that the historical observations of 1 November 1755 tsunami in Martinique Island can be reproduced using a tsunami source located offshore of Iberia. The predicted inundation parameters are in Vol. 168, (2011) The Transoceanic 1755 Lisbon Tsunami in Martinique 1027 agreement with the historical reports at La Trinité and Fort-de-France Bay. It also indicates that some places along the coast seem to be partially protected from tsunami impact by the residual coral reef barrier. This point deserves further in situ investigations.
Martinique is presently a highly populated island offering some of the most popular tourist beaches in the Caribbean. There could be considerable human casualties in the case of a tsunami event. In fact, this part of the world is well-prepared for hurricane hazards, but is relatively unprepared for the suddenness of a tsunami-like event, especially coming from the eastern part of the Atlantic Ocean.
The tsunami risk in Martinique is not quite existent in people's minds, as meteorological events (storms, cyclones) occur more frequently. Local administrations are not much prepared for tsunamis and rescue units vulnerable to earthquakes and inundations from the sea. For example, they would be destroyed if a like earthquake like the one in 1839 (which destroyed Fort-de-France) occurred (COURTEAU, 2007) . The increasing exposure of the Martinique population to tsunami hazards, combined with a functional and economic vulnerability, including tourism pressure, makes Martinique highly exposed to tsunami risks. The occurrence of an event comparable to the one of 1755 would, nowadays, have a much more important impact on the life in the island.
This study represents the initial stage for the production of a vulnerability map concerning the tsunami hazard, using far-field sources. Further investigation of tsunami hazards in the area should consider the impact of potential local sources.
Another aspect that should be further investigated concerns the tsunami deposits. For example, a special focus on the region of Le Lorrain is presented in Fig. 4 ; it allows us to indicate that the wave amplification could have been sufficient here to inundate the lowlands of the river of Le Lorrain. The estuary of this river presents a kind of lagoon system, with lowlands potentially floodplain protected partially by a rocky dune; this could have stopped some of the water from the tsunami in 1755. Thus, it is a potential site to look for tsunami deposits. A second site qualified for tsunami deposits is located north of Le Lorrain and corresponds to the alluvial fan of the Capot River (Pointe des Raisiniers), presenting a lagoon profile too. Further study should model the tsunami inundation capabilities in this area, depending mainly on the dune height.
